Observations show an increase in maximum precipitation extremes and a decrease in maximum temperature extremes over southeastern South America (SESA) in the second half of the twentieth century. The Community Earth System Model (CESM) Large Ensemble (LE) experiments are able to successfully reproduce the observed trends of extreme precipitation and temperature over SESA. Careful analysis of a smaller ensemble of CESM-LE single forcing experiments reveals that the trends of extreme precipitation and temperature over SESA are mostly caused by stratospheric ozone depletion. The underlying dynamical mechanism is investigated and it is found that, as a consequence of stratospheric ozone depletion and the resulting southward shift of tropospheric jet streams, anomalous easterly flow and more intense cyclones have occurred over SESA, which are favorable for heavier rainfall extremes and milder heat extremes.
Introduction
Extreme climate events have undoubtedly significant societal and economic impacts. Research into climate extremes has progressed greatly over the last few decades, and numerous efforts have been made to develop datasets of extreme indices across the globe. Several datasets, using different gridding methods and/or input data, indicate large coherent trends in temperature and precipitation extremes over the past few decades. As assessed and summarized in chapter 2 of the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (AR5), for temperature extremes, ''it is very likely that the numbers of cold days and nights have decreased and the numbers of warm days and nights have increased globally since about 1950'' (p. 162), and ''a large amount of evidence continues to support the conclusion that most global land areas analyzed have experienced significant warming of both maximum and minimum temperature extremes since 1950'' (Hartmann et al. 2013, p. 209 ; see also references therein). For precipitation extremes, the same report concluded that ''it is likely that since about 1950 the number of heavy precipitation events over land has increased in more regions than it has decreased'' (Hartmann et al. 2013, p. 162 ; see also references therein).
In this study, we focus on southeastern South America (SESA), a region that covers Uruguay, parts of northeastern Argentina, and southern Brazil from 408 to 258S and from 658 to 458W. In addition to being one of the most densely populated regions in South America, this region of SESA also stands out as a region of great interest for climate change. Specifically, SESA has experienced the largest trend in mean summer rainfall over the twentieth century of the entire world (e.g., Liebmann et al. 2004; Haylock et al. 2006; Barros et al. 2008; Seager et al. 2010) . Moreover, for climate extremes, studies have shown that an increase in extreme rainfall events is also most marked in regions such as SESA (e.g., Donat et al. 2013; Skansi et al. 2013 ; also see Figs. 2.33a, 2.33b, and 2.33d of Hartmann et al. 2013) . For temperature extremes, although warming trends are found over most of the globe, a significant decrease in warmest days is found over SESA, consistently across various datasets (e.g., Alexander et al. 2006; Rusticucci and Renom 2008; Donat et al. 2013; Skansi et al. 2013 ; also see Box 2.4, Fig. 1 of Hartmann et al. 2013) . The potential driver for these trends, however, remains unclear.
Previous studies have suggested a key role of stratospheric ozone depletion in precipitation trends over SESA. Kang et al. (2011) first attributed the observed mean precipitation increase at southern subtropical latitudes in summer to the formation of the ozone hole. They argued that this occurs via a southward shift of the midlatitude westerly jet and the tropical Hadley cell, resulting in an anomalous rising motion in southern subtropics. A follow-up work of Kang et al. (2013) further suggested that stratospheric ozone depletion likely impacts not only the mean precipitation but also extreme precipitation in Southern Hemisphere in summer. On a regional scale, Gonzalez et al. (2014) , focusing on mean precipitation trends over SESA, found the dominance of stratospheric ozone depletion on precipitation increase, consistently across a number of IPCC-class climate models. In contrast, a recent study by Zhang et al. (2016) reported a dominant role of greenhouse gas increase (not stratospheric ozone depletion) on SESA rainfall trends during the twentieth century using Geophysical Fluid Dynamics Laboratory (GFDL) climate model experiments.
In this study, we analyze trends in extreme temperature and precipitation over SESA in the simulations of the Community Earth System Model (CESM) Large Ensemble (LE) Project (Kay et al. 2015) . It is now widely recognized that internal climate variability is an important contributor to climate change, especially at regional spatial scales and/or subdecadal to decadal time scales (e.g., Hawkins and Sutton 2009; Deser et al. 2012 Deser et al. , 2014 , and thus it is inappropriate to compare a single run from any climate models to observations. The CESM-LE Project provides a large number of ensemble runs and thus a unique opportunity to explicitly extract the forced anthropogenic climate change signal from the large internal climate variability, not only for mean climate states but also for climate extremes (e.g., Yoon et al. 2015; Pendergrass et al. 2015; Hagos et al. 2016; Fix et al. 2016; Anderson et al. 2017; Lin et al. 2016; Wang et al. 2016; KirchmeierYoung et al. 2017) . The objective of this study is to explore, using CESM-LE single and total forcing experiments, whether anthropogenic forcings have played a role in the observed trends in precipitation and temperature extremes over SESA.
Methods
For climate extreme indices, we adopt the annual maximum 1-day precipitation amount ''Rx1day'' and the annual maximum of daily maximum temperature ''TXx'' to capture extreme precipitation and temperature, respectively. For the observed trends of Rx1day and TXx, we make use of the Hadley Centre extremes dataset (HadEX2), the most comprehensively available global gridded land-based dataset of temperature and precipitation extremes (Donat et al. 2013) . Monthly and annual indices are available on a 3.758 3 2.58 longitudelatitude grid over the period of 1901-2010. For the numerical experiments, we analyze the CESM-LE Project model output (Kay et al. 2015) . All CESM-LE experiments are performed using a single coupled climate model: the CESM version 1 with the Community Atmosphere Model version 5 (CAM5) at approximately 18 horizontal resolution, coupled with ocean, land, and sea ice components. For the historical simulations, external forcings were specified following phase 5 of the Coupled Model Intercomparison Project (CMIP5) protocol (Lamarque et al. 2010) , and ozone concentrations were from the corresponding chemistry climate model (CESM1 Whole Atmosphere Community Climate Model (WACCM); Marsh et al. 2013) forced with surface concentrations of ozone-depleting substances (ODS). There are 42 ensemble members in total for historical experiments, and each member has identical external forcings but is started from slightly perturbed initial conditions in air temperature fields (see Kay et al. 2015) .
In this study, we focus on the second half of the twentieth century, specifically the period of 1955-2005, which corresponds to the formation of the ozone hole over the South Pole. We analyze 12 of the historical runs and 12 available single forcing runs that are nearly identical to the historical runs except for the ozone concentrations, which are kept fixed at 1955 levels [see Fig. 2a of England et al. (2016) for the ozone forcing]. These runs are referred to as GHG[ runs since greenhouse gas (GHG) increase is the dominant external forcing. The difference between 12 historical (namely ''ALL'') and 12 GHG[ runs isolates the effect of stratospheric ozone depletion and is thus referred to as O3Y. The average of 12 ensemble members allows us to extract the forced anthropogenic climate change signal from internal climate variability.
In the CESM-LE experiments, the extreme precipitation index Rx1day is calculated using daily output of precipitation (PRECT), and the extreme temperature index TXx is calculated using monthly output of maximum surface temperature (TSMX). To aid the interpretation, daily and monthly zonal and meridional wind at 850 Pa and monthly vertical velocity at 500 hPa are also used. Unfortunately, daily vertical velocity at 500 hPa was not saved and is only available in two historical runs with no corresponding single forcing runs. In addition, we also use 6-hourly surface temperature output (available during 1990-2005 only) to identify the day when the annual maximum daily maximum temperature occurs.
For both the HadEX2 dataset and the CESM-LE experiments, we focus on the linear trends of annual maximum Rx1day and annual maximum TXx during 1955-2005, the period over which the largest stratospheric ozone depletion occurred over the South Pole. Trends in HadEX2 are calculated only for grid boxes with sufficient data (i.e., at least 66% of years have data during the period and data are available through at least 2003), following Donat et al. (2013) . Statistical significance is evaluated via a simple Student's t test, using the 90% confidence interval, following the IPCC AR5.
Results

a. Trends in precipitation and temperature extremes in SESA
We start by considering precipitation extremes and revisiting the observations. Figure 1a shows an increase in annual maximum 1-day precipitation Rx1day over SESA, of approximately 0.9 mm day 21 decade
21
, over the period (also see the year-to-year evolution in Fig. S1a in the supplemental material). Similar conclusions of more intense heavy rainfall are also found in other extreme precipitation indices and in other observational datasets (e.g., Donat et al. 2013; Skansi et al. 2013 ; also see Figs. 2.33a, 2.33b, and 2.33d of Hartmann et al. 2013 ). This increase in extreme precipitation can be captured by the CESM-LE experiments. Figure 1b shows the trend of annual maximum Rx1day in the average of 12 historical runs, and a statistically significant increase can be found over most of SESA. The simulated trend averaged over SESA is about 0.69 mm day 21 decade 21 (see Fig. S1b ) and is slightly underestimated in the CESM-LE experiments. This increase in extreme precipitation is also found in the average of total 42 historical runs (see Fig. S3a ), which suggests the dominance of anthropogenic forcings. Separating the contributions from GHG[ and O3Y, one can see that the increase in extreme precipitation is mostly due to stratospheric ozone depletion, whereas the contribution from GHG increase is minor (cf. Figs. 1c and 1d) For temperature extremes over SESA, Fig. 2 shows a decrease in annual maximum daily maximum surface temperature TXx by about 20.3 K decade 21 (also see Fig. S2a ). This cooling trend of maximum extreme temperature has been documented in previous studies (e.g., Alexander et al. 2006; Rusticucci and Renom 2008; Donat et al. 2013; Skansi et al. 2013 ; also see Box 2.4, Fig. 1 of Hartmann et al. 2013) . Figure 2b shows the result from the CESM-LE historical experiments and a similar cooling trend is found (consistent results are also found in 42-ensemble average shown in Fig. S3b ). The simulated trend is about 20.15 K decade 21 and is underestimated in the model experiments (see Fig. S2b ). From the single forcing experiments, it is clear that the decrease in extreme temperature is due to stratospheric ozone depletion, while the GHG increase shows a largely insignificant warming trend (Figs. 2c,d ). In the CESM-LE experiments, the stratospheric ozone depletion has led to a decrease of extreme temperature by about 20.2 K decade 21 , which is slightly compensated by a 0.05 K decade 21 increase due to GHG increase (see Figs. S2b,c).
b. Dynamical mechanism
The results of the previous section demonstrate that the depletion of stratospheric ozone has likely led to the observed increase in precipitation extremes while decrease in temperature extremes over SESA in the second half of the twentieth century. In this section we investigate the dynamical mechanism that is responsible for the trends of extremes from CESM-LE experiments. We begin by examining what large-scale atmospheric circulation pattern is favorable for annual maximum precipitation and temperature extremes over SESA in the climatology. Figure 3 shows the composite mean of low-level horizontal flow and relative vorticity and vertical velocity during the days of annual maximum 1-day precipitation and annual maximum daily maximum surface temperature, respectively. As can be seen, extreme precipitation over SESA is typically associated with a low-level cyclonic circulation with northerly flow on the northern side of SESA and easterly flow on the southern side (Fig. 3a) . This low-level cyclonic circulation and convergence leads to an ascent and generates precipitation (Fig. 3b) . Similar results were reported by Martin-Gómez et al. (2016) , who found that low-level cyclonic circulation favors the transport of moisture toward SESA in observations. On the contrary, extreme temperature over SESA is accompanied by a low-level anticyclone and descent (Figs. 3c,d) . Because of that, there is an anticorrelation between annual precipitation extremes and annual temperature extremes over SESA (not shown).
Next we examine how the atmospheric circulation has changed during . Because of the lack of daily output of vertical velocity in most of CESM-LE experiments, we first consider the trends in monthly circulation, specifically during October-March (ONDJFM) when most precipitation and temperature extremes occur over SESA (not shown). Figures 4a and 4b show the trend of monthly low-level circulation and vertical velocity, respectively, in historical runs. As can be seen, the trends consist of an easterly flow, low-level cyclonic circulation with convergence, and ascent over SESA. This trend of circulation is mostly due to stratospheric ozone depletion, whereas in GHG[ runs there is a smaller trend of low-level circulation and a small trend of descent (contrast the middle and bottom panels of Fig. 4) . Figure S4 shows the monthly trend of surface temperature indicating a cooling trend in parts of SESA, in agreement with observations (e.g., de Barros Soares et al. 2017) . This cooling trend is again due to stratospheric ozone depletion (Fig. S4c) . The dominance of stratospheric ozone depletion on the Southern Hemisphere circulation trend has been widely studied in previous work [see the review papers by Thompson et al. (2011) and Previdi and Polvani (2014) , and references therein]. The depletion of stratospheric ozone, due to increase of human-made ODS, has led to a cooling of the polar stratosphere, a strengthening of the stratospheric polar vortex, and a southward shift of the tropospheric jet stream. This southward shift of the tropospheric jet can be seen in Figs. 4a and 4e , where westerly anomalies are found southward of 558S and easterly anomalies between 308 and 558S. It is the low-level easterly anomaly over SESA that leads to more horizontal convergence, increased ascent and, ultimately, greater precipitation. More importantly, this trend toward more easterly flow and low-level cyclonic circulation and ascent also occurs at daily time scale and causes stronger intense precipitation extremes and less intense temperature extremes. To show that, we use daily low-level relative vorticity z to illustrate the intensity of low-level cyclone (as daily vertical velocity output is not available). Figure 5 shows the SESA low-level z evaluated during the days of annual maximum 1-day precipitation in both historical and GHG[ runs. For the historical runs, one can see a statistically significant decline in z (by about 13% during 1955-2005) , suggesting an increase in low-level cyclone intensity that favors stronger intense rainfall extremes and less intense heat extremes. In the GHG[ runs, however, the trend is much smaller and is insignificant. This confirms that, as found in the CESM-LE experiments, it is the stratospheric ozone depletion that causes anomalous low-level easterly flow and more intense cyclones over SESA, leading to heavier rainfall extremes while milder heat extremes in the latter half of the twentieth century.
Summary and discussion
Using the CESM-LE experiments, we have demonstrated that stratospheric ozone depletion has caused an increase in extreme precipitation and a decrease in extreme temperature over SESA in the second half of the twentieth century. The mechanism works via changes in large-scale atmospheric circulation: as a result of lower stratospheric cooling accompanying the ozone hole and a southward shift of the tropospheric jet, anomalous easterly flow and more intense cyclones are induced over SESA, and these are favorable for heavier rainfall extremes and milder high temperature extremes. This study adds to the existing literature and explicitly demonstrates the impact of stratospheric ozone depletion on not only mean climate states but also climate extremes.
As for the relative importance of anthropogenic forcing and internal variability, Fig. S5 shows the range of trends in the CESM-LE preindustrial integration and 12-member historical experiments. The range of trends in the preindustrial integration is obtained by computing all consecutive and overlapping 51-yr trends throughout the entire 1700-yr-long integration. It is found that, first, for both temperature and precipitation extreme indices, both the observed trend and the averaged trend of the 12-member historical runs lie within the trend distribution of the preindustrial integration. However, the trend distributions of the historical runs and preindustrial integration are statistically significantly different at the 95% confidence level. This suggests that, with anthropogenic forcing, particularly stratospheric ozone depletion in this case, the likelihood of heavier precipitation extremes and milder high temperature extremes over SESA is significantly increased. Our results are in agreement with the multimodel analysis of Gonzalez et al. (2014) but are in contrast to the findings of Zhang et al. (2016) . The discrepancy could be due to the following factors. First, Zhang et al. (2016) used the GFDL model, which might have different sensitivity to ozone forcing and greenhouse gas increase. Second, there are differences in the ozone forcings and the time periods considered. Zhang et al. (2016) used the observed ozone concentrations and focused on the precipitation trend over the entire twentieth century whereas we use the ozone concentrations calculated from the CESM1-WACCM and focus on the period of . As demonstrated in Waugh et al. (2015) , it is important to examine the impact of stratospheric ozone depletion over the period when ozone hole was formed (the second half of the twentieth century). Third, different numbers of ensemble runs are analyzed. Zhang et al. (2016) used a 3-member ensemble, whereas our study is based on a 12-member ensemble.
There is a body of literature on the detection, attribution, and mechanism of temperature and precipitation extremes, and they have greatly advanced our understanding. However, most climate extreme studies have focused on GHG increase and its impacts on precipitation and temperature from the perspective of thermodynamics (e.g., O'Gorman and Schneider 2009; Fischer et al. 2013; O'Gorman 2015; Donat et al. 2016; Fischer and Knutti 2016) . Our study clearly demonstrates that large-scale atmospheric circulation changes can also significantly affect precipitation and temperature extremes, and should be taken into consideration.
Finally, the results of this paper imply that predictions of future trends in precipitation and temperature extremes over SESA are highly uncertain. On the one hand, increasing GHG will force warmer surface temperature, and its thermodynamic impact on trends in extremes will likely be significant. On the other hand, as we have shown here, trends in extremes over SESA have been largely controlled by trends in atmospheric circulation, not surface temperature, in the second half of the twentieth century. And, as demonstrated in the wide literature (e.g., Barnes et al. 2014; Wu and Polvani 2015) , the recovery of stratospheric ozone in coming decades will largely cancel the GHG-induced trends in atmospheric circulation and hydrological cycle in the Southern Hemisphere. Hence, it is conceivable that the recently observed trends in precipitation and temperature extremes over SESA would also be cancelled in coming decades, and GHG-induced trends will not appear until late in this century. Therefore, more work is needed to carefully examine the relative contributions of the thermodynamic and dynamical mechanisms in determining the future trends in extremes over SESA.
